Milling is widely used metal removal process in manufacturing industry that involves generation of high cutting forces and temperature. Lubricants become important to reduce the cutting force and temperature for better machining processes and performances. Conventional cutting fluid has some limitations. The applications of conventional cutting fluid create some techno-environmental problems like environmental pollution, biological problems to operators and water pollution. Application of solid lubricant in milling has proved to be a feasible alternative to the conventional cutting fluids. The present work investigates the effect of boric acid as solid lubricant towards machining performances such as tool wear and surface roughness. The results indicate that boric acid can improve the cutting processes and performance compared to conventional cutting fluid.
Introduction
Machining can be defined as the process of removing material from a workpiece in the form of chips. Machining is the most important steps in manufacturing processes. In milling machining process, a rotating cutter removes material while travelling along various axes with respect to the workpiece [1] . The heat produced in milling adversely effect the quality of products. So, it is generally considered that the heat produced during machining process is critical in terms of workpiece quality. Thus, the effective control of heat generated at the cutting zone is essential to ensure good workpiece surface quality machining [2] [3] .
Cutting fluids have been the conventional choice to deal with the problem. But, the application of conventional cutting fluids creates some techno-environmental problems like environmental pollution due to chemical disassociation of cutting fluids at high cutting temperatures, biological problems to operators, water pollution and soil contamination during disposal. Boric acid (H3BO3) is one of the most popular solid lubricants and has excellent lubrication properties without calling for expensive disposal techniques [4] . The most important characteristics of boric acid for use as solid lubricant are that it is readily available and environmentally safe. The Environmental Protection Agency has established that boric acid is benign and the Clean Water Act does not classify it as pollutant.
Tool wear is a mojor consideration in all machining operations. Tool wear adversely affects tool life, the quality of the machined surface and its dimensional accuracy, and consequently, the economics of cutting operations [1] . Moreover tool wear also can affect the tensile residual stress [5] . The rate of tool wear depends on tool and workpiece materials, tool geometry, process parameters, cutting fluids and the characteristics of the machine tool. Some general effects of tool wear include [6] :
i. Increased cutting forces ii. Increased cutting temperature iii. Poor surface finish iv. Decreased accuracy of finished part Similar to some surface properties such as hardness, the value of surface roughness depends on the scale of measurement. Roughness is a measure of texture of a surface. It is quantified by the vertical deviations of real surface from its deal form. If these deviations are large, the surface is rough; if they are small the surface is smooth. Roughness is typically considered to be high frequency, short wavelength component of a measured surface [7] . Characterization of surface topography is important in applications involving friction, lubrication and wear [8] . In general, it has been found that friction increases with average roughness. Roughness parameters are important in applications such as machining.
A solid lubricant is a material used as powder or thin film to provide protection from damage during relative movement and to reduce friction and wear [9] . Other terms commonly used for solid lubricant include dry lubrication and solid film lubrication. Although these terms imply that solid lubrication takes place under dry conditions, fluids are frequently used as a medium or as a lubricant with solid additives [10] . Boric Acid (H 3 BO 3 ) is one of the most popular solid lubricants and has excellent lubrication properties without calling for expensive disposal techniques. The most important characteristics of boric acid for use as solid lubricant are that is readily available and environmentally safe [11] . The Environmental Protection Agency has established that boric acid is benign and the Clean Water Act does not classify it as a pollutant. Several studies related to the lubrication properties of boric acid are carried out over the past several decades [12] . These works have primarily focused on the performance of boric acid's unique layered inter-crystalline structure makes it very promising solid lubricant material because of its relatively high load carrying capacity and low steady state friction coefficient.
Experimental Work -Surface Roughness
The measurement of surface roughness (Ra) was carried out by using MAHR Perthometer PGK. The limit of tracing distance is 17.5 mm. Therefore, each slot was divided by the three point of measurement which is 5.6 mm distance each. There were three profiles taken, which are P and R profile. P profile is the largest profile peak height and the largest peak valley. Meanwhile R profile is roughness profile represents the deviation of the primary profile from the mean line. During this experiment, three parameters had been considered. The parameters were roughness average (Ra), mean roughness depth (Rz) and maximum roughness depth (Rmax).
Experimental Work -Tool Wear
The tool wear of each cutting tools were analyzed by using Leica MS 5 Stereomicroscope. Every flute is measured for each cutting tool. For 8 mm tool, the optic size used is 1.6x + 1.0x. Meanwhile, 0.63x + 1.0x optic size is used for 15 mm tool.
Results and Discussions -Tool Wear
The data for tool wear analysis was measured by using Leica MS5 Microscope. Fig. 1 and Fig. 2 show the comparison between the total flank wear of all samples with different cutting fluid conditions. The results indicate that Sample B, C, and D have better cutting performance than Sample A due to lower total flank wear. Also, it has been observed that the more boric acid used the better cutting performance.
The lubricant effectiveness in minimizing the frictional effect at the tool and workpiece interaction in case of boric acid assisted machining is evident from the reduced of total flank wear in Sample B, C and D compared to Sample A. Moreover, low coefficient of friction and sliding action when boric acid assisted machining has affected the flank wear. Total flank wear is observed considerably less for 8 mm cutting tools compared to 15 mm cutting tools. This is because the cutting parameters used for both diameters were different. The effectiveness of the solid lubricant in any context is strongly affected by temperature, pressure, speed, and environmental conditions. In this project, the feed rate and spindle feed used were different for both diameters. Fig. 3 shows the comparison of flank wear with different types of solid lubricants. It has been observed that the flank wear values obtained in boric acid is less than graphite. This is due to the lubricating property of boric acid, which help the reduction of cutting force.
Surface Roughness
A comparative performance analysis of the ordinary cutting fluid application with boric acid is done. Fig. 4 shows the comparison of Roughness average from all 8 mm cutting tools with different cutting fluid conditions. The machining parameters such as cutting speed, feed rate and flow rate are constant. Sample A gives the highest value of Ra. The condition is same for 15 mm cutting tools as shown in Fig. 5 .
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Engineering Materials and Application Results show that the better surface finished was achieved with the application of solid lubricant which is boric acid compared to ordinary coolant. Previous study indicated that boric acid's unique layer inter-crystalline structure makes it a very promising solid lubricant material because of its relatively high load carrying capacity and low steady state friction coefficient. However Sample C point out better surface finish compare to Sample D at first and second machining minutes. This may be caused by some errors that happen during surface roughness analysis. The perthometer is very sensitive with movement or vibration because it will affect the results.
It has been observed from the results that surface finish for 8 mm cutting tools are better that 15 mm cutting tools. It is because there are some factors can influence the surface roughness during machining like tool geometry and process parameters. The feed rate used was different. For 8 mm tools the feed rate used was 200 mm/min meanwhile for 15 mm tools the feed rate used was 220 mm/min.
The comparative Roughness average of boric acid and graphite has been carried out. As shown in Fig. 6, 7 and 8 boric acid indicate better surface roughness that graphite. The decrease in surface roughness due to boric acid can be atrributed due to the inherent lubricating properties even at high temperatures [4] . The lubricating action of the boric acid reduces the frictional forces at the tool, workpiece and chip interface. This decreases the temperature at the cutting zone and results in lesser tool wear, thus resulting in surface quality improvement.
Conclusion
The findings of the project can be concluded as follow:
1. Application of ordinary coolant may not effectively control the heat generation in milling. Besides, cutting fluids are a major source pollution. 2. There is a considerable improvement in the process performance with solid lubricant assisted machining as compared to that of machining with ordinary lubricant.
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3. Boric acid improved the process performance by reducing the cutting forces and tool wear. This is because of the formation of a boric acid film on the surfaces is lubricious and functioned due to its layered crystal structure and unique bond characteristics. 4. Better surface finish is achieved with the application of boric acid compared to ordinary coolant. This is because boric acid produces low coefficient of friction at the tool workpiece interface with the formation of lubricating film. 5. Boric acid is environmentally safe, non-toxic and water soluble.
